The occurrence of malachite green (MG) residue was determined in 177 farmed fish samples (i.e., 85 carp, Cyprinus carpio, and 92 rainbow trout, Oncorhynchus mykiss) purchased from north-west part of Iran from 2014 to 2015. Competitive enzyme immunoassay method validated according to the criteria of Commission Decision 2002/657/EC was used to determine the MG residue. The mean recoveries were in the range of 79.1-86.2% and the limit of detection of the method was 0.30 µg/kg. The value of detection capability for MG in fish muscle was less than 1 µg/kg, which was below the minimum required performance limit of 2 µg/kg. MG was detected in 108 fish samples, corresponding to 61.0% of the total examined samples, ranging between 0.35 and 7.12 µg/kg. Most of the contaminated samples (28.8%) contained MG at the level of 0.3-1 µg/kg. Altogether, 18 out of 177 samples contained residue of MG higher than 2 µg/kg. The results indicated that the usage of MG in Iranian fish farms is frequent. It is alarming and could be a potential hazard for public health.
Introduction
Malachite green (MG) is a cationic triphenylmethane dye that has been used to colour materials such as silk, wool, leather, cotton, and paper products. [1, 2] MG is also used as a veterinary drug to control fungal infections in the fish farming industry around the world. [3] [4] [5] It is very effective for the treatment of external parasites and protozoan, e.g., Ichthyophthirius, Chilodonella, and Trichodina in aquaculture. [6] [7] [8] MG causes damage to liver, spleen, and kidney, decreases food intake, produces teratogenic and carcinogenic effects, and is highly cytotoxic to mammalian cells. During waterborne exposure, MG is easily absorbed into fish tissues and transformed to the reduced, colourless compound, leucomalachite green (LMG), which is lipophilic and remains in fatty tissues for extended periods of time. [3, [9] [10] [11] The use of MG in aquaculture has become a serious hazard to consumers due to its teratogenic, genotoxic, and carcinogenic properties. [12] Therefore, the use of MG in food producing animals is not authorized in many countries. [13, 14] At present, illegal use of MG in the fish farms is expanded due to its easy availability, low cost, and effectiveness. So, monitoring of MG residues in aquaculture products is necessary for safety assessment and human health protection. [15, 16] Several analytical methods have been reported for determination of MG and LMG residues in fish tissue. According to the European Commission, methods for determining MG in fish tissues should meet the minimum required performance limit (MRPL) of 2 µg/kg for the sum of MG and LMG. [17] Enzyme-linked immunosorbent assay (ELISA), [3, 16, 18] high-performance liquid chromatography coupled to visible or fluorescence detectors, [19, 20] and mass spectrometry [3, [21] [22] [23] are the methods used for determination of MG and LMG. However, ELISA method is the common analytical technique for screening of MG residue in aquaculture products due to its high sensitivity, rapidity, and cheapness. [24] This study aimed to determine the occurrence of MG in farmed fish purchased from the north-west part of Iran from 2014 to 2015.
Materials and methods

Sample collection
A total of 177 samples consisting of 85 common carp (Cyprinus carpio) and 92 rainbow trout (Oncorhynchus mykiss) samples were purchased from local markets in north-west part of Iran over a 2-year period (83 samples in 2014 and 94 samples in 2015). The samples were transported to the laboratory inside an icebox. After arrival, the fish were eviscerated, beheaded, deboned, and homogenized with a blender and stored at 20°C until analyses.
Chemicals and reagents
The MG residue in the samples was determined by competitive enzyme immunoassay using EuroProxima B.V. (Arnhem, The Netherlands) test kit. Most of the used reagents were provided by the kit manufacturer. For recovery study, MG oxalate and LMG reference standards were obtained from Sigma-Aldrich (St. Louis, MO). Methanol, acetonitrile, perchloric acid, and dichloromethane were obtained from Merck (Darmstadt, Germany). The stock standard solutions (1000 ng/ml) were prepared by dissolving 10 mg standard in 10 ml methanol and stored at 20°C. Working solutions (10 ng/ml) were prepared daily by diluting stock solutions with methanol and stored at 4°C.
Instruments
The following instruments were used in sample preparation: T25 homogenizer (IKA WERKE GMBH & CO.KG, Germany), 2-16 P centrifuge (Sigma labor zentrifugen GMBH, Germany), nitrogen evaporation system N-EVAP model 11250 (Orgamonation Associates Inc., Berlin, USA), and BioTek ELx800 Absorbance Microplate Readers (BioTek Instruments Inc., USA).
Sample extraction
A portion (2 g) of the ground sample was weighed into 50 ml polypropylene tube. An amount of 8 ml of perchloric acid-acetonitrile mixture was added and vortexed for 1 min. Then, 4.5 ml of dichloromethane was added and vortexed for 10 min. Following centrifugation for 5 min at 4000 rpm, 5 ml of the supernatant was pipetted into a glass tube and evaporated to dryness under mild stream of nitrogen at 50°C. Residues were dissolved in 25 µl methanol and 215 µl sample dilution buffer. After centrifugation (4000 rpm, 10 min), 50 µl of the extract was used for ELISA test.
Test procedure
An amount of 50 µl of the test samples and MG standard solutions in duplicate were added to the wells of microtiter plates precoated with MG antibodies. Then, 25 µl of enzyme conjugate and 25 µl of antibody solution were added to the wells and incubated for 30 min at 4°C in the dark place. In the next stage, the wells were washed three times with washing buffer. Afterward, 100 µl of substrate was added to the wells and incubated for 15 min at room temperature. Finally, the reaction was stopped by adding 100 µl of stop solution to each well, and the absorbance was read at 450 nm in ELISA plate reader.
Method validation
Validation of the method was determined according to the criteria laid down by Commission Decision 2002/657/EC for qualitative screening methods. [25] Accuracy of the method was checked by analysing blank samples of trout and carp fortified with MG and LMG at levels of 2, 3, and 4 µg/ kg. At each level, analyses were performed with six replicates. The mentioned analyses were carried out on three different days. The recovery was calculated by the following formula: (the measured content/the fortified level) ×100. The precision (repeatability and within-laboratory reproducibility) was expressed as the relative standard deviation (RSD) of the recovery.
The limit of detection (LOD) was calculated from the mean value of 20 blank samples plus three times the standard deviation. To determine the matrix effects, detection capability (CCβ) was determined by analysing 20 blank samples fortified at a level of 1 µg/kg with MG. To evaluate the selectivity/specificity of the method, blank samples of rainbow trout and carp muscles (n = 20) obtained from different specimens were analysed. The samples were spiked with known amounts (10 µg/kg) of crystal violet and leucocrystal violet to evaluate possible interference that may occur in the method.
Statistical analyses
The statistical analyses were performed using t-test and chi-square test of the SPSS software version 20 for windows (SPSS Inc., Chicago, IL, USA) to compare the detection rates and concentrations of MG.
Results and discussion
According to the validation procedure, the mean recoveries for MG were in the range of 79.1-86.2% and the RSDs were less than 9.3% and 10.8% for repeatability and within-laboratory reproducibility, respectively. The LOD of the method was 0.30 µg/kg (Table 1) . However, the recovery values of LMG were in the range of 15-18% which is not in accordance with regulations set by European Commission Decision 2002/657/EC for required recovery of 70%. [25] The validation parameters indicated that the method is not appropriate for the detection of LMG. Also in the validation study, as shown in Fig. 1 , there was no overlap between the blank and fortified samples so the value of CCβ for MG was less than 1 µg/kg, which is below the MRPL of 2 µg/kg. The selectivity/specificity of the method for crystal violet and leucocrystal violet was less than 10%. The overall results indicate that the method is only suitable for determination of MG in fish muscle samples.
The concentrations of MG in the farmed fish samples over the 2-year period are shown in Table 2 . MG was detected in 108 samples, corresponding to 61.0% of the total examined samples, ranging between 0.35 and 7.12 µg/kg. As shown in Table 2 , most of the contaminated samples (28.8%) contained MG at the level of 0.3-1 µg/kg. The mean concentration of MG was significantly higher (p < 0.05) in the samples obtained in the year 2015 (1.99 µg/kg) than those obtained in the Table 1 . Accuracy and precision of the method for malachite green (MG) and leucomalachite green (LMG) in spiked samples (n = 6). The results of the present study are comparable to those reported in some other surveys on MG residue in fish samples. MG residue was reported from various food products in India; and it was more prevalent in foodstuffs from rural markets than those from urban markets. [26] In a survey conducted in Slovenia, 7 out of 33 trout samples (21.2%) obtained from fish farms and markets contained residues of MG. [19] In Croatia, a 3-year period survey showed the MG residue in 13 out of 72 farmed fish samples (18.1%) ranging between 0.0004 and 1.07 µg/kg. [24] In a previous survey conducted in Iran, 70 out of 144 rainbow trout samples (48.6%) contained residues of MG, ranging between 0.3 and 146.1 µg/kg. [27] In a recent study performed in Iran, it was found that 70 out of 120 samples (58.4%) obtained from fish markets contained detectable residues of MG. [6] In order to determine the residues of MG in farmed fish samples in the United Kingdom, monitoring and inspection programs were continuously performed from 2001 to 2011. [28] In 2001, 2002, and 2003, 16 .1%, 9.9%, and 4.2% of tested farmed salmon and trout samples contained MG and LMG residues, respectively. The fish farms which use MG dye were restricted, and their products did not enter the food chain. The Rapid Alert System for Food and Feed in the European Union recorded 123 cases of high concentrations of MG and LMG in fish and fish products in the period from 2002 to 2015.
[29] Most of the reported cases (more than 50%) were the residues of MG in catfish, pangasius fillets, tilapia, and milkfish originating from the Asian countries.
[29] The European Commission has requested the Member States to perform national surveillance programs for monitoring of certain substances and residues in live animals and animal products based on Council Directive 96/23/EC. [30] According to its last report, 1.8% of the analysed aquaculture samples were contaminated with unauthorized dyestuffs such as MG, LMG, crystal violet, or leucocrystal violet. [31] Despite the fact that triphenylmethane dyes such as MG and crystal violet are not permitted as a veterinary medicine in many countries, they are still used in aquaculture industry. Therefore, monitoring and inspection programs in various aquaculture products must be well conducted regarding the harmful potential effects of these residues on human health.
Conclusion
This study showed a high incidence of MG residue in farmed fish samples obtained from north-west part of Iran. It is also indicated that the usage of MG dye in this part of Iran is increasing per year. Although farmed fish are not exported from Iran, long-term consumption of contaminated fish can cause health hazards, including effects on the immune system and reproductive system as well as genotoxic and carcinogenic potentials. Also if enough attention is not paid to the problem, MG contained in farmed waste water might enter the aquatic environment and cause serious environmental hazards. Since this study is limited to MG residue, further investigations should be carried out to determine the LMG residue in farmed fish.
